The direction of flagellar rotation is regulated by a rotor-mounted protein assembly, termed the "switch complex," formed from multiple copies of the proteins FliG, FliM, and FliN. The structures of major parts of these proteins are known, and the overall organization of proteins in the complex has been elucidated previously using a combination of protein-binding, mutational, and crosslinking approaches. In Escherichia coli, the switch from counterclockwise to clockwise rotation is triggered by the signaling protein phospho-CheY, which binds to the lower part of the switch complex and induces small movements of FliM and FliN subunits relative to each other. Direction switching also must produce movements in the upper part of the complex, particularly in the C-terminal domain of FliG (FliG C ), which interacts with the stator to generate the torque for flagellar rotation. In the present study, protein movements in the middle and upper parts of the switch complex have been probed by means of targeted cross-linking and mutational analysis. Switching induces a tilting movement of the FliM domains that form the middle part of the switch and a consequent rotation of the affixed FliG C domains that reorients the stator interaction sites by about 908. In a recently proposed hypothesis for the motor mechanism, such a reorientation of FliG C would reverse the direction of motor rotation. molecular machines | motility | signal transduction
The direction of flagellar rotation is regulated by a rotor-mounted protein assembly, termed the "switch complex," formed from multiple copies of the proteins FliG, FliM, and FliN. The structures of major parts of these proteins are known, and the overall organization of proteins in the complex has been elucidated previously using a combination of protein-binding, mutational, and crosslinking approaches. In Escherichia coli, the switch from counterclockwise to clockwise rotation is triggered by the signaling protein phospho-CheY, which binds to the lower part of the switch complex and induces small movements of FliM and FliN subunits relative to each other. Direction switching also must produce movements in the upper part of the complex, particularly in the C-terminal domain of FliG (FliG C ), which interacts with the stator to generate the torque for flagellar rotation. In the present study, protein movements in the middle and upper parts of the switch complex have been probed by means of targeted cross-linking and mutational analysis. Switching induces a tilting movement of the FliM domains that form the middle part of the switch and a consequent rotation of the affixed FliG C domains that reorients the stator interaction sites by about 908. In a recently proposed hypothesis for the motor mechanism, such a reorientation of FliG C would reverse the direction of motor rotation. molecular machines | motility | signal transduction M any species of bacteria swim using helical propellers turned by ion-fueled motors in the cell membrane. In most species, the motor can rotate either clockwise (CW) or counterclockwise (CCW), and cells can direct their movement toward favorable environments or away from unfavorable ones by controlling the direction of motor rotation (1) (2) (3) (4) . The molecular mechanism of the motor is not understood fully, but proteins with key roles in rotation and direction switching have been identified, and some general aspects of the mechanism have been established (5, 6) .
Rotation involves a stator (nonrotating part) formed from the membrane proteins MotA and MotB and a rotor formed from the proteins FliG, FliM, and FliN. The stator complexes conduct protons (or in certain cases Na + ions) across the membrane and couple ion flow to rotation by a mechanism involving cyclical conformational changes induced by ion binding/dissociation at a critical Asp residue of MotB (7) (8) (9) . The rotor complex, which is also called the "switch complex" because it regulates CW/CCW reversals, is formed from about 26 copies of FliG, 34 copies of FliM, and more than 100 copies of FliN (10) (11) (12) (13) (14) . The switch complex corresponds structurally to the C-ring, a large drumshaped feature at the bottom of the basal body (Fig. 1) .
Crystal structures have been solved for major portions of the FliG, FliM, and FliN proteins (15) (16) (17) (18) (19) (20) , and a model for their organization has been developed (16) using a combination of cross-linking, protein-binding, and mutational experiments (6, 16, 17, 21, 22) (Fig. 1) . The bottom (membrane-distal) part of the switch complex is formed from an array of doughnut-shaped FliN tetramers (17) alternating with FliM C-terminal (FliM C ) domains (6) . The chemotaxis-signaling molecule phospho-CheY (CheY-P) binds in this lower region, first being captured by a flexible segment near the N terminus of FliM (23) and then interacting with a conserved hydrophobic patch on FliN (24) to induce a small shift of the FliN tetramers relative to FliM C (6) .
Motor torque is produced at the top of the switch complex, where the FliG C-terminal domain (FliG C ) bears several conserved charged residues that interact with charged groups of the stator protein MotA (9, 25) . Direction reversal must involve changes at the rotor-stator interface, but switch-induced movements in this upper part of the complex have not been defined. The switch complex contains different numbers of FliG and FliM subunits (about 26 and 34 copies, respectively) (11, 12, (26) (27) (28) (29) (30) (31) , implying some complexity in their arrangement. In the proposed arrangement (16) , the FliM and FliG proteins each occur in two different structural settings, with the FliM middle domains (FliM M ) positioned either upright or tipped slightly inward and the FliG subunits resting on the FliM M domains in either of two ways (Fig. 1) . The functional significance of this arrangement is not clear, but the arrangement raises the possibility that different subsets of molecules in the complex might move in different ways upon switching.
Many FliM and FliG mutations have been shown to affect the directional bias of the motor, indicating the close involvement of both proteins in switching (32, 33) . Crystal structures of the proteins have been used in conjunction with patterns of mutation to develop molecular models for the switching event (20, 34) . Those models were based on switch-complex architectures that appear inconsistent with more recent cross-linking and binding experiments, however (16) , and although mutations might highlight regions of particular importance for switching, they appear unlikely to define switching movements precisely. In this study, we used targeted cross-linking and mutational analysis in the framework of the recently developed structural model (16) to define the chemoeffector-induced movements in the upper part of the switch complex. The results indicate that switching is accompanied by movements in both the FliM M and FliG C domains and culminates in a rotation of the FliG C domain that reorients the stator interaction site by as much as 908. In a recently proposed hypothesis for the motor mechanism (35) , such a rotation of the FliG C domain would result in direction reversal. The switching mechanism described here is based on relative movement of the FliM subunits in different structural settings and so provides a functional rationale for the complexity of subunit organization in the rotor.
domains at the top that interact with the stator (9, 25) . In our current model for switch-complex organization (16), the element immediately above the FliM C /FliN 4 array is the FliM M domain. Mutational studies by Macnab and coworkers (32) gave evidence that FliM M is involved extensively in switching, and an analysis of the mutations in the framework of the FliM M crystal structure suggested that the edges forming the FliM M -FliM M intersubunit contacts are particularly important for regulating the CW/CCW bias (SI Appendix, S1) (15) . To examine the surface of FliM M systematically, we made nonconservative mutations at 46 positions spread over the FliM M domain and measured the effects on flagellar assembly and function. The mutations and their phenotypes are summarized in SI Appendix, S2, and results are mapped onto the FliM M structure in Fig. 2 .
About half of the mutations permitted nearly wild-type function in a soft-agar motility assay. Positions that tolerated mutation occurred mainly on the surfaces of FliM M that face the interior or exterior of the C-ring in the present structural model of the switch complex (Fig. 2) . According to the model, these surfaces are not in contact with other components, and they evidently are not critical for flagellar assembly, rotation, or switching.
As described previously (16) , the Gly-Gly-X-Gly (GGXG) motif at the top of FliM M is important for interaction with FliG, and mutations in this region (colored red in Fig. 2 ) weakened the binding to FliG in a pull-down assay and also prevented the assembly of flagella (16) . Loss of the FliM-FliG interaction did not prevent the localization of FliG to the membrane (SI Appendix, S3) but did disrupt the organization of FliG subunits as judged by patterns of disulfide cross-linking through Cys residues in the middle and C-terminal domains (Fig. 2) . Thus, the organization of FliG subunits is enforced by the underlying parts of the switch complex formed from FliM and FliN.
A number of the FliM mutants (12 of 46) were motile in liquid but migrated slowly in soft agar because of defects in motor switching. CW-and CCW-biased alleles were equally common in the FliM M domain but fell in different regions. CW-biased replacements were clustered primarily along the edges that were shown previously to form the sites of contact between adjacent FliM M domains (15) . A few CCW mutations also occurred near one of the interfacial edges but slightly apart from the CW mutations, and others were near the bottom of the domain in a region that is predicted to interact with FliN and/or the FliM C domain (Fig. 2 ) (6) . Most of the CCW-biased mutants showed improved migration in soft agar upon overexpression of the CW-signal protein CheY, indicating that the motors retained the ability to switch if provided with a sufficiently strong stimulus (SI Appendix, S2 and S3).
Switching Movements Probed by Targeted Cross-Linking. The clustering of switch-bias mutations in the FliM-FliM contact region indicates that this interface might undergo changes on switching from the CCW to the CW state. To probe interfacial movements more directly, we examined disulfide cross-linking of FliM pro- The N-terminal domain of FliG attaches to FliF C , the C-terminal domain of the protein FliF that forms the MSring of the basal body (named for its membrane and supramembrane location). Gray dots indicate the Gly-Gly motif at the junction between the interdomain helix and FliG C . (C) Initial events in switching. The CW-signaling protein CheY-P is captured first by the flexible segment near the N terminus of FliM and then interacts with a site on the FliN tetramer to induce relative subunit movements within the lower part of the C-ring (24) . Movements in the upper part of the C-ring then must occur to alter the geometry of the rotorstator interface, but those movements have not been defined. teins with Cys residues introduced at positions near the edges of FliM M , comparing yields in untreated cells (which mainly are CCW-biased) and in cells stimulated by repellent (Leu or glycerol). The targeted-disulfide approach has been applied effectively in a variety of systems including, for example, the ATP synthase (36, 37) , bacterial chemoreceptors (38, 39) , and parts of the flagellar switch complex distinct from those considered here (6) . For studying the FliM M -FliM M relationship, Cys replacements included several pairs described previously (15) and additional pairs in nearby positions. Results are summarized in SI Appendix, S4 and are displayed on a pair of adjacent FliM M domains in Fig. 3 .
Of 16 Cys pairs introduced at the FliM M -FliM M interface, 9 showed reproducible cross-linking when treated with iodine. Cross-link yields showed a clear dependence on repellent stimuli, increasing for some Cys pairs and decreasing for others, and with Leu and glycerol having similar effects. The results indicate that switching causes a shift at the FliM M -FliM M interface and can be explained by a tilting of the domain, as illustrated in Fig. 3 .
In our current model of the switch complex (16), the FliM M domains that are close enough to cross-link (and that evidently tilt upon switching) are those in the outward position under FliG C (Fig. 1) . To determine whether FliM M and FliG C move together as a rigid unit or if FliG C undergoes additional movements that alter the FliM M -FliG C interface, we examined disulfide cross-linking at the FliM M -FliG C interface using previously described Cys pairs (16) . Disulfide yields were compared in untreated, repellent-stimulated, and attractant-stimulated cells. Findings are summarized in SI Appendix, S5, and representative results are shown in Fig. 4A . Most FliM M -FliG C cross-links showed a strong dependence on chemotactic stimuli. The effects can be explained by a substantial rotation of FliG C relative to FliM M about a roughly vertical axis (parallel to the rotation axis) (Fig. 4A) .
The inward FliM M domains (which are the minority species) do not contact FliG C but interact with the FliG middle domain (FliG M ) instead (Fig. 1) at an interface formed from the GGXG motif of FliM M and the Glu-His-Pro-Gln-Arg (EHPQR) motif of FliG M (16) . A Cys pair that supports efficient cross-linking at this interface was described previously (16) . To probe movement at the FliM M -FliG M interface, we used this Cys pair and compared cross-link yields in unstimulated, repellent-stimulated, and attractant-stimulated cells. Cross-link yields were not affected by chemotactic stimuli (Fig. 4B) .
Adjacent FliG M domains also have been shown to cross-link efficiently to each other through Cys residues in appropriate positions at opposite ends of the domain (22) . Two recent proposals for the switching mechanism (20, 34) hypothesized substantial rotations of the FliG M domain; these rotations should be reflected in switch-dependent cross-link yields. To probe relative movement of the FliG M domains, we used a previously identified Cys pair (22) and compared yields in unstimulated, repellentstimulated, and attractant-stimulated cells. FliG M -FliG M crosslinking was unaffected by repellent or attractant stimuli (Fig.  4C ). This result argues against models requiring the rotation of FliG M and, taken together with the insensitivity of FliG M -FliM M crosslinking to stimuli, indicates that the FliG M domains and the inward FliM M domains behave as a relatively stable unit during switching.
As discussed below, the cross-linking results suggest a model for switching in which the outer parts of the complex (those farther from the axis of rotation) move relative to the inner parts. As a further test of whether such movement occurs, we introduced Cys residues at a small number of positions near the end of the FliG-linking helix (hypothesized to be part of the stationary inner structure) and near the top of FliM M (hypothesized to move, if it is one of the subunits in the outward location). Cross-linking was examined in unstimulated, attractant-stimulated, and repellentstimulated cells. A Cys pair (FliG-193/FliM-74) was found that gave moderately strong, repellent-stimulated cross-linking (Fig.  4D) . We conclude that the linking helix is near the top of FliM M , as predicted in the present structural model, and that switching is accompanied by changes at this interface.
Discussion
The switch to CW rotation begins with binding of CheY-P to the lower part of the C-ring, which is formed from an alternating array of FliN tetramers and FliM C domains (6) . The FliM M domain lies just above the FliN 4 /FliM C array and would be expected to contact FliN and/or FliM C . Thus, the CheY-P-induced subunit movements that have been demonstrated within the FliN 4 /FliM C array (6) could alter contacts with FliM M to destabilize its CCW orientation and induce tilting into the CW state. The tilting of FliM M observed in the cross-linking experiments (Fig. 3 ) must apply to the domains in the outward location, which are in close contact in groups of three or four (Fig. 1) . The inward-leaning FliM M domains also would contact the FliN 4 /FliM C array but through different contacts that might or might not be affected by the binding of CheY-P.
The largest movement detected here, and the likely actual cause of motor reversal, is the rotation of the FliG C domain. The rotation appears quite large but can be understood in terms of interdomain movements within FliG coupled with the flexibility of the Gly-Gly linker (Figs. 1B and 5) . The cross-linking experiments indicate that, even as the FliG C domain undergoes a large rotation, it remains centered on roughly the same place at the top of the FliM M domain (Fig. 4) . Thus, the FliG C domain must move together with the top of the FliM M domain as the FliM M domain tilts. The movement would be through a distance of about 1.5 nm (assuming the degree of tilt illustrated in Fig. 3) , in a roughly tangential direction. The inner parts of the switch complex, by contrast, appear to be relatively stable: Cross-link yields at both the FliG M -FliM M and FliG M -FliG M interfaces were unaffected by attractant or repellent stimuli (Fig. 4 B and  C) . If the FliG M domain and the FliG M -FliG C linking helix remain fixed in place, then the tangential movement of the FliG C domain would force the FliG C to rotate in the direction observed (Fig. 4) . The Gly-Gly linker would function as a hinge (18, 40), and the FliG C -FliM M interface, which consists largely of interacting concave and convex hydrophobic surfaces, would function as a ball-and-socket joint.
The insensitivity of FliG M -FliG M cross-link yields to stimuli (Fig. 4C ) argues against models that postulate large rotations of the FliG M domain (20, 34) . Switching also has been suggested to involve relative movement of the FliG M domain and the helix linking it to the FliG C domain (20, 34) , as a way to explain the observed clustering of switch-bias mutations in regions that might affect the helix position or orientation (33) . The present model also can account for the pattern of switch-bias mutations, but in terms of a requirement for stable positioning of the linking helix rather than switching-induced movements.
An instance of especially strong CW bias results from a threeresidue deletion of the FliG M domain in the region where it joins to the interdomain helix (41) . This deletion presumably would shorten the linking helix and thereby would destabilize the CCW state, in which the FliG M and FliG C domains are maintained at a wider separation (SI Appendix, S7). Several CW-bias point mutations occur on the linking helix or in the FliG M domain at positions that might affect the helix position (33) and likewise might exert tension favoring the CW state. A few CW-bias mutations lie on the linking helix at positions more distant from the FliG M domain, where they are predicted to approach the FliM M domain at another interface that would change as the FliM M domains tilt (SI Appendix, S7 and Fig. 4D ). Mutations causing CCW bias also occur in positions that could influence the position or stability of the linking helix (SI Appendix, S7). In addition, some CCW-bias replacements are found on the bottom surface of the FliG M domain, where they could affect the interaction with the inward FliM M domains. Residue substitutions in this region might reduce the stability of the inner part of the switch complex so that it no longer provides the rigid framework needed to hold the linking helix in place to force rotation of the FliG C domain (SI Appendix, S7). Finally, as discussed previously (21), several switch-bias mutations (both CW and CCW) also occur in the FliG C domain, either in the hydrophobic patch, where they would affect interactions with the FliM M domain, or in the relatively narrow "waist" of the domain, where they could alter the relationship between the upper and lower halves.
Switch-bias mutations in FliM, which figured in the development of the model (Fig. 2 , SI Appendix, S1, and ref. 32), also can be explained. The majority of switch-bias mutations in the FliM M domain lie near FliM-FliM contact surfaces that change as the domain tilts from the CCW to the CW configuration. Some CCW-bias mutations cluster just to the side of the CW-bias mutations along one of the edges, consistent with the formation of a slightly shifted contact surface in the CW state (Figs. 2 and 3 and SI Appendix, S1). An alternative interpretation of these CCW mutations, suggested by NMR experiments, is that CheY-P binds in this region (5) . We found, however, that a FliM protein with one of these CCW-bias mutations affected motor bias even in a "pseudotaxis" experiment in which CheY is not present (SI Appendix, S8), indicating that the mutation influences the relative stabilities of the CW and CCW states of the switch itself. A few switch-bias FliM M mutations occurred in the lower part of the domain on surfaces that would interact with the FliN 4 /FliM C array and that would be important for responding to the CheY-P-induced subunit movements in the lower part of the C-ring (24) .
CW rotation of the Escherichia coli motor normally requires CheY-P but can occur in a CheY-deletion strain if the temper- ature is lowered to 5 8C or below (42) . Such temperature dependence in the function of a protein assembly is expected to arise mainly from the hydrophobic effect and could be explained in the present case by the exposure of an additional hydrophobic surface area of about 2,500 Å 2 in the CW state (42) . In this context, we note that some residues at the FliM M -FliM M interface in the E. coli protein are hydrophobic (Ile56, Met67, and Phe70 on one edge and Val98 and Phe188 on the other) and so might contribute to the observed temperature dependence of switching.
Using fluorescence photobleaching methods, Delalez et al. (43) recently showed that most of the FliM subunits in the flagellar motor are in fairly rapid exchange with the cellular pool of free (non-motor-associated) FliM. FliM subunit exchange occurred on the minute timescale, involved most but not all of the FliM subunits present in a given motor, and required that the motors be switching direction rather than turning exclusively CCW. In the present model, these observations can be explained if the FliM subunits in the outward position, which are hypothesized to move upon switching, can dissociate from the switch to undergo exchange, whereas the more stationary inward subunits remain in place on the minute timescale.
The flagellar switch responds to CheY-P in a highly cooperative fashion, characterized by a Hill coefficient of about 10 (44) . This sharp switch response is a factor in the great sensitivity of chemotaxis and should be accounted for in a molecular-level hypothesis for switching. In the present model, cooperativity would arise within the bottom of the switch complex, where the FliN 4 and FliM C units interact with each other to form a continuous array (6) , and also from interactions among the outward FliM M subunits, which contact each other closely within groups of three or four (Figs. 3 and 5 ). Previous discussions have assumed a simpler coupling scheme embracing all the switching units (45, 46) , but the present hierarchical scheme involving more strongly coupled subsets presumably also would be capable of explaining the large Hill coefficient (44) and the occurrence of partialswitching (sometimes termed "pausing") events (46) (47) (48) . Binding measurements (49) indicate that the switch binds many CheY-P molecules, and the large Hill coefficient (44) implies that several molecules must interact with the switch simultaneously to trigger direction reversal. If this cooperativity required the nearly simultaneous arrival of many CheY-P molecules by diffusion, switching would be slow. This problem would be circumvented by the two-step capture of CheY-P (6, 50) , allowing it to accumulate in the vicinity of FliN, tethered by the FliM N-terminal segment, until it reaches sufficient numbers to trigger the switch.
The major effect of switching is to reorient the ridges at the top of FliG C so they take on roughly opposite symmetries in the CW and CCW states (Fig. 5) . A recent hypothesis for the rotation mechanism (16, 35) is based on forces applied to the FliG C ridges and predicts that the motor should reverse when the ridges rotate as proposed (SI Appendix, S9).
The present hypothesis for switching also can rationalize the somewhat complicated organization of FliM and FliG subunits in the rotor. As a mechanical device, the switch acts to convert the small movements induced by CheY-P at the bottom of the Cring into a large, concerted rotation of FliG C domains at the top. The stationary inner elements of the switch are essential in this mechanism, maintaining the position of the linking helix so that the FliG C domain is forced to rotate (Fig. 5) . The complexity of subunit organization then reflects the need for both moving and stationary structural elements in the upper part of the switch.
The FliG, FliM, and FliN proteins are conserved in a wide variety of species, and the switching mechanism described here is likely to apply to many bacterial phyla. Important exceptions include several species among the Firmicutes and Spirochaetes, which in place of FliN use a larger protein, FliY, that contains both FliN-like and FliM-like domains. Switch-complex architecture could be somewhat different in those species, and further study will be needed to determine whether key features of the present mechanism, such as the two-step capture of CheY-P and switching via rotation of the FliG C domain, will apply.
Experimental Procedures
Strains, Media, and Mutagenesis. The E. coli strains and plasmids used are listed in SI Appendix, S10. Procedures for transformation and plasmid isolation were described previously (51) (52) (53) . Tryptone broth (TB) contained 10 g/L tryptone and 5 g/L NaCl. Ampicillin was used at 125 μg/mL in liquid media and 50 μg/mL in soft-agar plates. Chloramphenicol was used at 50 μg/mL in liquid and 12.5 μg/mL in soft-agar plates. Isopropyl-β-D-thiogalactopyranoside (IPTG) and sodium salicylate were prepared as 100-mM and 10-mM aqueous stocks, respectively. Mutations were made using the QuickChange procedure (Stratagene) on the fliM gene cloned in plasmid pDB72 and were confirmed by sequencing.
Assay of Function. Motility in soft agar and swimming in liquid were measured essentially as described in refs. 51 and 52, using the fliM deletion strain DFB228 transformed with plasmid pDB72 encoding wild-type or mutant fliM. Motility plates contained TB, 0.27% bacto-agar, appropriate antibiotics, and IPTG at 0, 40, or 100 μM, to give FliM expression levels ranging from slightly below to well above the wild-type level (51) (52) (53) . Optimal rates are reported together with the optimal IPTG concentration and are relative to optimally induced wild-type controls measured in the same experiment (SI Appendix, S2).
Binding and Cross-Linking. Binding of FliM to FliG was examined using a GST pull-down assay, as described (16) . Cross-linking of introduced Cys residues was induced using either iodine as oxidant or copper phenanthroline as an oxidative catalyst, using procedures described previously (16, 22) . Products were characterized by immunoblotting of samples resolved on 10% SDS/ PAGE gels, using either rabbit polyclonal anti-FliM antibody (52, 53) or mouse anti-HA antibody (Covance) to detect FliG with a C-terminally attached HA tag. Bands were visualized using either X-ray film or a LI-COR Bioscience Odyssey Infrared Imaging system. To examine effects of repellent stimuli on the FliM-FliM interface, cells were stimulated with Leu (final concentration 30 mM) or glycerol (final concentration 10%). After 30 s, cross-linking was induced with iodine, as described previously (6, 22) , for 2 min. To examine effects of switching on the FliM M -FliG C interface, Leu (30 mM final concentration) or Ser (10 mM final concentration) was added to cells, and after 30 s cross-linking was induced for 5 min using copper phenanthroline, as described previously (16) . Microscopic examination of wildtype cells showed that the chemoeffectors elicited the expected swimming behavior (smooth swimming with Ser, tumbling with Leu) for longer than the 5-min cross-linking period. Iodine did not have a substantial effect on These movements would be triggered by shifts occurring within the lower part of the switch on binding CheY-P, as described previously (6) . (Upper) Plan view illustrating the tangential movement and accompanying rotation of the FliG C domain Black dots represent the Gly-Gly linker that joins the FliG C domain to the interdomain helix, and green dots indicate, approximately, the point about which FliG C domains pivot atop the FliM M domain. (Lower) Side view illustrating the hypothesized tilting of FliM M domains, and the consequent movement and rotation of the supported FliG C domains. A single inward-tipped FliM M domain and its associated FliG NM domain are shown also. Cross-links involving these inner elements were not affected by chemotactic stimuli (Fig. 4 B and C) , and so the inner structures are hypothesized to remain stationary during switching. motility, provided mixing was rapid enough to avoid local high concentrations. Copper phenanthroline caused a significant reduction in motility when the experiment was done in motility buffer; this reduction appears to result from a reduction in the proton motive force rather than from any gross alteration of the motor, because it was reversed substantially when cells were diluted into medium containing DTT (10 mM) or when the crosslinking treatment was carried out in tryptone broth. Cross-linking experiments in tryptone broth, where copper phenanthroline effects were relatively mild, gave results like those seen in motility medium (compare Fig. 4A and SI Appendix, S5B).
FliG Localization. To quantify FliG in membrane and soluble fractions, cells were grown overnight at 37 8C in 2 mL TB with appropriate antibiotics and then were diluted 100-fold in 5 mL TB and cultured at 32 8C for 4.5 h. The cells were resuspended in ∼1 mL lysis buffer [50 mM Tris (pH 8.0), 500 mM NaCl, 1 mM EDTA, 0.2 mg/mL lysozyme], adjusting the volumes to give equal cell densities based on OD 600 measurements. Samples were incubated on ice for 1 h, sonicated, and then centrifuged (4 8C, 16,000 × g, 30 min). Supernatants were transferred to fresh tubes, and membrane pellets were resuspended in gel-loading buffer. The supernatant was mixed with 110 μL of trichloroacetic acid, and tubes were incubated further on ice for 10 min, followed by centrifugation (4 8C, 16,000 × g, 10 min). Pellets (cytosolic protein fraction) were dissolved in protein loading buffer. Proteins in the membrane and cytosolic fractions were detected using immunoblots with anti-FliG antibody.
